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In the present study, multicomponent competitive biosorption of heavy metal from aqueous solution onto
pretreated dried Aspergillus niger in batch system was investigated. The adsorption data were ﬁtted to the
multicomponent Langmuir, Freundlich, Temkin and Sips equations. We used the genetic algorithm of bio-
sorption in ternary mixture to evaluate the potential effects of each metal in the removal of other metals.
In order to take both mechanisms of the cell-surface binding and intra-particle diffusion into account, an
alternative model was investigated by combining the pseudo-second-order kinetics model and the intra-
particle diffusion model. A model describing the process of biosorption by a single-stage batch design was
developed and veriﬁed based on the Temkin isotherm model. Fundamentally, the outlook from these ob-
servations of the experiments that the pretreated dried biomass is a suitable absorbent for the removal of
signiﬁcant amounts of the heavy metal from the efﬂuents of industrial wastewater is promising.
& 2015 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The high degree of industrialization and urbanization has re-
sulted in environmental pollution. The wastewaters discharged
from chemical industries which may contain heavy metal ions
have toxic effect on all living organisms. Besides the toxic and
harmful effects to a variety of living species [1], heavy metals also
accumulate throughout the food chain even in relatively low
concentrations and may affect human beings.
Zn(II) is an essential element and a potential gastrointestinal
toxicity exists because of an over accumulation of this metal in the
human body. Zn(II), one of the most important metals often found in
efﬂuents discharged from industries involved in acid mine drainage,
galvanizing plants, natural ores and municipal wastewater treat-
ment plants, is not biodegradable and travels through the food chain
via bioaccumulation [2]. Industrial exploitation of Co(II) in alloy
manufacturing, electroplating, generation of gas turbines and pet-
rochemical industries results in discharge of cobalt into the aquatic
environment leading to a variety of toxic effects on all living plants
and animals including microorganisms [3]. Co(II) has both beneﬁcial
and harmful effects on human being as it is a part of vitamin B12,
which is essential for human health. It causes neurotoxicologicaln open access article under the CC
ahoo.com (H. Younesi).disorders and genotoxicity in human beings and in chronic cases
may cause cancer. Cd(II) is a nonessential element for organisms and
its high toxicity for humans has been recognized. Pollution by Cd(II)
usually comes from several industrial processes such as electro-
plating, plastics manufacturing, nickel–cadmium batteries, fertili-
zers, pigments, mining and metallurgical processing. Cd(II) toxicity
may be observed by a variety of syndromes and its effects include
renal dysfunction, hypertension, hepatic injury, lung damage and
teratogenic effects [4]. Consequently, there is signiﬁcant interest
regarding Zn(II), Co(II) and Cd(II) removal from wastewaters.
The most widely used methods for removing heavy metals
from wastewaters include ion-exchange, coagulation, chemical
precipitation, reverse osmosis, evaporation, membrane ﬁltration,
biological adsorption treatment. Conventional methods have some
disadvantages such as incomplete removal, high reagent and en-
ergy requirements, and generation of toxic sludge or other waste
products that require disposal. Therefore, removal of toxic heavy
metals to an environmentally safe level in a cost effective and
environmentally friendly manner assumes great importance.
Microorganisms including bacteria, algae, fungi and yeast are
found to be capable of efﬁciently accumulating heavy metals [5].
Among the main strains, fungi biomass offers the advantage of
having a high percentage of cell wall material that shows excellent
metal-binding properties. Aspergillus niger, a ﬁlamentous fungus, is
not only utilized in the industrial production of citric acid andBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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heavy metals [6,7].
The purpose of the present study was to evaluate the perfor-
mance of optimization algorithm for heavy metal biosorption,
consisting of a combination of the genetic algorithm and nonlinear
multicomponent isotherms from several experimental runs to
evaluate the signiﬁcant adsorption isotherms and their corre-
sponding isotherm constants. The optimization algorithm tries to
minimize the least square error between the experimental data
and the simulation output. Moreover, it is worth to be noted that
applying combination of genetic algorithem and nonlinear multi-
component isotherms for studying the behavior of the experi-
mental data for biosorption of Zn(II), Co(II) and Cd(II) from ternary
mixture was not reported.2. Materials and methods
2.1. Microorganism, growth conditions and preparation of biomass
A. niger (DSMZ823) obtained from Deutsche Sammlung von
Mikroorganismen und Zellkulturen (DSMZ) in freeze dry form was
used and maintained on potato-dextrose agar (PDA) slants and
stored at 4 °C. Then it was cultured in sterilized medium and
maintained in nutrient agar at 4 °C. A fungal biomass was culti-
vated in liquid phase on an incubator shaker at an agitation rate of
200 rpm. The suspension of spores was transferred to 500 ml Er-
lenmeyer ﬂasks ﬁlled with 250 ml of a culture medium composed
of the following (g/l): Sugar, 50; (NH4)2SO4, 2; KH2PO4, 0.15;
MgSO4, 0.15. The medium was introduced to Erlenmeyer ﬂasks
under sterile conditions, and were stoppered with cotton bungs
and covered with aluminum seals. All chemicals were purchased
from Merck KGaA, Darmstadt, Germany and used without further
puriﬁcation. De-ionized distilled water was used in the prepara-
tion of all solutions.
The pH of the liquid growth mediumwas adjusted to 5.5 before
autoclaving and then autoclaved for 20 min at 1.5 atm pressure
and at 121 °C temperature. After inoculation, the ﬂasks were agi-
tated on a rotary shaker at 200 rpm for ﬁve days at 30 °C. The A.
niger biomass produced was collected by vacuum ﬁltration and
dried at 50 °C for 24 h. Then the dried fungus was screened
through a 100 mesh sieve set. Previous experiments on biosorp-
tion of metal ions on untreated and NaOH (Merck KGaA, Darm-
stadt, Germany) pretreated A. niger showed that pretreating the
biomass using NaOH could substantially increase the biosorption
yield [8–10]. Therefore, in order to improve the metal binding
properties, whole cells of A. niger were boiled in NaOH solution
(0.5 N) for 15 min and then centrifuged at 4000 rpm for 10 min
and the supernatant discharged. The obtained biomass was wa-
shed with de-ionized water several times until the pH of the
washing solution was approximately neutral and then collected by
centrifugation at 4000 rpm for 10 min. After centrifuging, the
biomass was dried at 50 °C for 24 h, powdered by a mortar and
pestle, then sieved with 100 mesh. The dried and sieved fungus
preparation was used to verify the biosorption capacity of the
fungi in inactive form. The dried biomass was stored in a re-
frigerator at 4 °C and used for the following experiments.
2.2. Experimental procedures
The biosorption experiments were conducted using aqueous
solutions containing Zn(II), Co(II) and Cd(II). Stock solutions of the
metals (1000 mg/l) were prepared by dissolving 2.8960, 3.1017 and
2.1032 g of their nitrate salts of Zn(NO3)2, Co(NO3)2 and Cd(NO3)2,
respectively, in de-ionized water. Other concentrations prepared
from the stock solution by dilution varied between 10 and 300 mg/l. The chemicals used were all of high performance liquid chro-
matography (HPLC) grade (Riedel-de Häen, Germany). Fresh dilu-
tions were used for each experiment.
Environmental conditions can have an effect on adsorption
capacity of microorganism in removing metal ions, therefore batch
sorption experiments were done to ﬁnd out the effect of three
different variables, such as pH from 2 to 7, biomass dosage from
0.5 to 6 g/l, initial metal ions concentration from 10 to 300 mg/l
with contact time of 2 h. The experiments were conducted under
similar conditions mentioned above at a moderate temperature of
2572 °C on a rotary shaker at 200 rpm using 250 ml with 150 ml
working volume. The shaking was made for 240 min, which was
sufﬁcient time to reach equilibrium. The effects of pH, metal ions
concentration and biomass concentration (independent variables)
on the removal efﬁciency and uptake capacity of biosorption
(dependent variable) were investigated. To show the effect of
biomass dosage on biosorption, biomass doses of 0.5, 1, 2, 3, 4 and
6 g were added to the test solutions taken in a series of 250-ml
Erlenmeyer ﬂasks, and the biosorption experiments were con-
ducted at the constant of the initial metal ion concentrations of
10 mg/l and at the original pH of the solution. The effect of the pH
on the removal efﬁciency and biosorption capacity of A. niger was
also determined by equilibrating the biosorption mixture con-
taining pretreated biomass of 1 g/l and metal solutions 10 mg/l at
different pH values ranging from 2–7. The initial pH of the test
solution during contact period was adjusted to 2, 3, 4, 5, 6 and
7 using either HCl (1 N) or NaOH (1 N). The maximum sorption
data was used to ﬁnd out the optimum pH and the remaining
experiment was conducted at this optimum pH. For the assess-
ment of the effect of the initial metal ions concentration on bio-
sorption at the optimum pH and a ﬁxed dose of biomass (2 g/l),
solutions with the concentration of Zn(II), Co(II) and Cd(II) ranging
from 10 to 300 mg/l were prepared and used.
The period of contact time between the biomass and the metal
solutions was varied up to 240 min to examine the rate of ad-
sorption and was determined by using the same sorption mixture
described above. Samples of 4 ml were taken from each ﬂask at
different times 0, 5, 10, 15, 20, 30, 60, 120 and 240 min during the
experiments. The solution was ﬁltered using membrane ﬁltration
(Millipore 0.45 μm pore size). All the experiments were carried
out at least twice. The values used in calculations were the average
value of the experimental data. The removal efﬁciency percentage
of metal ions was calculated as follows:
R
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where R is the removal efﬁciency percentage and Ci and Ce are the
initial and equilibrium metal ions concentration in mg/l, respec-
tively. The amount of metal ions adsorbed on the biomass at
equilibrium which represents the metal uptake, was calculated
from the difference in metal concentration in the aqueous phase
before and after adsorption, according to the following equation:
q
V
W
C C 2ie e( )= − ( )
where qe is the equilibrium biosorption capacity in mg/g, V the
volume of metal ions solution in l and W the fungal biomass in g.
Throughout the study, the pH, dose of adsorbent, and contact time
were kept constant unless otherwise speciﬁed.
2.3. Equilibrium isotherm models of biosorption
The Langmuir sorption has been the most widely used sorption
isotherm for the sorption of a solute from a liquid solution. It is
reported that Langmuir isotherm corresponds to a dominant ion-
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form:
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where qe is the equilibrium amount of metal ions adsorbed in mg/
g, qm the maximum amount of metal ions adsorbed in mg/g, Ce the
equilibrium metal ions concentration in mg/l and KL the Langmuir
constants showing the maximum adsorption capacity and the af-
ﬁnity of the binding sites and energy of adsorption in l/mg.
The empirical Freundlich isotherm is based on sorption on a
heterogeneous surface. This isotherm shows adsorption–com-
plexation reactions taking place in the adsorption process which is
given as the following equation [11]:
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where KF is the Freundlich constant indicating adsorbent capacity
in mg g1 (mg l1)n, n is the Freundlich exponent known as ad-
sorbent intensity. Temkin isotherm is based on the assumption
that a fall in the heat of sorption is linear rather than logarithmic,
as given in Freundlich isotherm [12], which is described by the
following equation:
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where bTe is the Temkin constant related to the heat of sorption in
J mol1, R the gas constant (8.314 J mol1 K1), KT the Temkin
isotherm constant in l mg1 and T the absolute temperature in K.
Sips or the combined Langmuir-Freundlich isotherm (a three-
parameter isotherm model) assumes the surface is homogeneous
but that the biosorption is a cooperative process due to sorbate-
sorbate interactions, which is described by the following equation:
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where as, Ks and γ are the Sips parameters. The exponent γ lies
between 0 and 1. For γ¼1, the model is converted to Langmuir
isotherm. The MATLAB software (MATLAB version 7.6) was used
successfully for describing competitive equilibrium data. All the
model parameters were also evaluated by non-linear regressions
using SigmaPlot software. The criterion for measuring the accuracy
of Eqs. (3–6) is the mean absolute relative error (MARE):
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The kinetic biosorption data were ﬁtted to both models by non-
linear regression analysis using the software SigmaPlot (Version
10) for Windows. The data were subjected to the analysis of var-
iance (ANOVA) and the coefﬁcient of regression (R2) was calcu-
lated to ﬁnd out the ﬁtness of the model.2.4. Kinetic models of biosorption in a batch system
The kinetic of the adsorption explains the variation in uptake of
an adsorbate in terms of time and its parameters give important
information about modeling and designing the process of bio-
sorption [13]. Pseudo ﬁrst-order and pseudo second-order equa-
tions are the most widely used kinetic models to describe the
biosorption process based on the concentration of the solution
over the entire time range. The pseudo-ﬁrst-order kinetic model is
given in the following form:⎡⎣ ⎤⎦q q k t1 exp 8t e 1( )= − − ( )
The linear form of the pseudo-ﬁrst-order kinetic model is given as:
q q q k tln ln 9e t e 1( )− = − ( )
where qt and qe are the amounts of the metal ions sorbed at time t
and equilibrium in mg/g, respectively, t the time in min and k1 the
rate constant of the equation in min1. The biosorption rate
constants (k1) can be determined by plotting ln(qeqt) versus t.
The pseudo second-order model predicts the behavior over the
whole adsorption period and is in agreement with the adsorption
mechanism being the rate-controlling step. This model is shown
below as Eq. (8):
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Eq. (8) can be rearranged to obtain the linear form:
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where k2 is the rate constant of the second-order equation in
g mg1 min1, qt the biosorption capacity at time t in mg/g and qe
the biosorption capacity at equilibrium in mg/g in equilibrium. The
intra-particle diffusion model proposed by Weber and Morris is
employed for the diffusion mechanism, described as:
q k t
C
1
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where ki is the intra-particle diffusion rate constant in
mg g1 min0.5 and C the constant that gives intra-particle accu-
mulation in the boundary layer in mg/g.
In order to take the both mechanisms of cell-surface binding
and intra-cellular accumulation into account, an alternative model
that combines the second-order kinetic model (Eq. (11)) and the
intra-particle diffusion model (Eq. (12)) is proposed as follows [5]:
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t
k q t q1/ / 13
it
1/2
2 e
2
e( ) ( )= + + ( )
2.5. Analytical methods
The residual Zn(II), Co(II) and Cd(II) concentrations were de-
termined using a high pressure liquid chromatography (HPLC)
(Shimadzu 10Aνρ, Japan), equipped with conductivity detector
(CDD-6Avp) and data acquisition system with computer software
(LC solution), used for the liquid analysis. Cations Zn(II), Co(II) and
Cd(II) were measured by a Shim-pack IC-C1 column at a ﬂow rate
of 1.5 ml/min, with a mobile phase containing 5 mM nitric acid at
a ﬂow rate of 0.8 ml/min at 40 °C. In this method a Shim-pack IC-
C1 column and a conductivity detector CDD-6A at a ﬂow rate of
1.5 mL/min at 40 °C temperature, with a mobile phase of 4 mM
tartaric acid and 1 mM ethylenediamine was utilized. Before being
measured by HPLC, the heavy metal solutions were appropriately
diluted with de-ionized water to ensure that the heavy metal
concentration in the sample was linearly dependent on the de-
tected absorbance. The samples were preﬁltered through 0.45 μm
pore diameter membrane ﬁlters and 20 μm duplicate samples
were analyzed for 10 min. Each determination was repeated three
times (trice) and the results given were the average values. The
deviation was less than 5%. The analysis was controlled by Sig-
maPlot 2000 software (Version 10). The computer analysis pro-
vided values for an evolution potential and a current potential of
the derived peaks. All chemicals used in this operation were of
analytical reagent grade and were used without further
Fig. 1. Single-stage batch biosorption design.
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Fig.2. Effect of contact time on biosorption of Zn(II), Co(II) and Cd(II) onto A. niger
at initial ions concentration of 10 mg/l, biomass dosage of 2 g/l and solution pH of 7.
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Japan) was used for all dilutions. A pH meter (Eutech300, Singa-
pore) was employed for measuring pH values in the aqueous
phase.
2.6. Single-stage batch design model
The empirical design procedures based on sorption equilibrium
conditions were used to predict the biosorber size and perfor-
mance. The models derived in this study were obtained by using
the material balance as an overall approach to the single-stage
adsorption process. The biosorption isotherm was used to predict
the design of a single-stage batch adsorption process. The si-
multaneous Zn(II), Co(II) and Cd(II) material balance equation with
the adsorption isotherm model can be developed to represent the
single-stage biosorption process as a function of W (dosage of
biosorbent, g) and V (volume of wastewater (l) containing a mix-
ture of metal ions). A schematic diagram is shown in Fig. 1. The
design objective is to reduce the metal ions concentration in the
inﬂuent of volume V (l) from an initial concentration of C0 (mg/l)
to C1 (mg/l), reusing the biosorbent from the single-stage bio-
sorption process after regeneration. The mass of biosorbent is W
and the solute loading changes from q0 (mg/g) to q1 (mg/g). At
time t¼0, q0¼0 and as time proceeds, the mass balance associates
the metal ions removed from the liquid to what was taken up by
the biosorbent. The mass balance equation for the batch biosorp-
tion system was operated under steady-state conditions as shown
in Fig. 1, as follows:
VC Wq VC Wq 0 0 0 140 0 1 1( ) ( )+ − + + − = ( )
This is to be considered a biosorption operation consisting of i
contactor of the same size. The material balance for the metal ion
for each stage is:
⎛
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The material balances for the metal ions for stage 1 at equilibrium
condition are:
W
V
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q 16
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The presented multicomponent isotherm model can be used to
predict the exact amount of the A. niger biosorbent volume of
wastewater of the single-stage batch biosorption process.3. Results and discussion
3.1. Effect of pretreatment on A. niger biomass
A dried microbial biomass frequently exhibits a higher afﬁnity
for metal ions compared to a viable biomass, probably due to the
absence of competing protons produced during the metabolic
process [8]. The application of fungal biomass to remove heavy
metal from industrial wastewater and/or to recover economically
valuable metals is an attractive option for industry. It should be
mentioned that the effect of NaOH pretreatment is most probably
arising from two factors: ﬁrst of all, the high degree of deproto-
nation of binding groups, and second reason can be due to the
removal of impurities which result in increasing vacant sites on
the surface of the biomass that eventually will heighten the metal
biosorption [8]. In the present study, a synthetic wastewater
bioremediation technique for heavy metal removal was focused on
biosorptive mechanisms using dried fungus biomass rather than
bioaccumulation by living microbial cells.
3.2. Effect of contact time on metal biosorption
The effect of contact time on the biosorption uptake capacity of
Zn(II), Co(II) and Cd(II) ions onto A. niger at the initial concentra-
tion of 10 mg/l, biomass dosage of 2 g/l and at pH 5 is shown in
Fig.2. In the present study, most of the metal removal occurred in
the ﬁrst 5 min. This trend suggests that the uptake may be due to
the interaction with functional groups located on the surface of
the cells in the ﬁrst rapid stage and to intercellular accumulation
in the second phase [11]. The rapid step is probably due to the
abundant availability of active sites on the material, and with the
gradual occupancy of these sites the sorption becomes less efﬁ-
cient in the slower step. It was observed that the rate of adsorption
was very rapid with 5.51 (68%), 4.94 (53%) and 7.58 mg/g (76%)
uptake on A. niger for Zn(II), Co(II) and Cd(II), respectively, occur-
ring within the ﬁrst 5 min of the experiment. It was also veriﬁed
that in 30 min the biomass reached 8.41 (92%), 7.83 (88%) and
9.18 mg/g (96%) of its saturation capacity for Zn(II), Co(II) and Cd
(II), respectively, and for the next 30–240 min there was no sig-
niﬁcant removal of Zn(II), Co(II) and Cd(II). After this equilibrium
period the amount of biosorbed metal ions did not change sig-
niﬁcantly with contact time and it is thus ﬁxed at 60 min as the
optimum contact time. Based on these results, a shaking time of
60 min was assumed to be suitable for subsequent sorption
experiments.
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Fig. 3. Effect of initial pH on removal efﬁciency of biosorption of Zn(II), Co(II) and
Cd(II) by A. niger at initial ions concentration of 10 mg/l and solution pH of 7.
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Fig. 4. Effect of biomass dosage on removal efﬁciency of biosorption of Zn(II), Co(II)
and Cd(II) by A. niger at initial metal concentration of 10 mg/l and pH of 7.
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The pH plays a major role in the Zn(II), Co(II) and Cd (II)
bioaccumulation properties and growth of A. niger. The solution
pH affects the chemistry of the metals such as solubility, the ac-
tivity of functional groups (carboxylate, phosphate and amino
groups) on the fungal cell wall as well as the competition of me-
tallic ions for the binding site. That fact can be explained by the
strong relation between biosorption and the number of negative
charges on the biomass surface itself, which is related to the
functional groups. This parameter (pH) is directly related to the
ability of hydrogen ions to compete with metal ions for active sites
on the biosorbent surface [14]. Biosorption of Zn(II), Co(II) and Cd
(II) was measured at given contact times for six different experi-
mental values of pH (2, 3, 4, 5, 6, and 7) at 10 mg/l as an initial
metal ion concentration and 2 g/l as a biomass dosage. The effect
of the pH on the amount biosorbed over the given time is shown
in Fig. 3. In acidic conditions (2–3), the adsorption of the three
metals onto A. niger was quite low. Because large hydrogen ions
compete with metal ions at sorption sites and restrict the ap-
proach of metal cations as a result of the repulsive force, as has
been suggested by other authors [4,5,15]. At highly acidic pH, the
concentration of protons is high, so metal binding sites become
positively charged and metal cations and protons compete for
binding sites, resulting in lower uptake capacity of metal. The re-
moval capacity increased rapidly when pH increased from 2 to 4,
and then starting at pH 5 the increase in biosorption capacity
slowed to a less pronounced rate. As can be seen from Fig. 3, when
the pH of the solution was raised from 2 to 4, the removal efﬁ-
ciency was increased from 26% to 80% for Zn(II), 25% to 73% for Co
(II) and from 56% to 89% for Cd(II) ion. The maximum removal was
found to be 92% for Zn(II), 81% for Co(II) and 96% for Cd(II) ions at
pH 5. Eventually, maximum biosorption capacities of 9.24, 8.26
and 9.86 mg/g for Zn(II), Co(II) and Cd(II) were obtained at pH 5,
respectively. This could be explained by the increase in density of
the negative charge on the cell surface, causing proton removal on
the cell bonding sites, thereby increasing its biosorption capacity.
Comparison between those results and the results from this study
is difﬁcult because of the different parameters that play a role inthe adsorption mechanism such as inherent characteristics of the
adsorbent (surface area, protein and carbohydrate composition,
and surface charge capacity), metal afﬁnity, and experimental
conditions (pH, temperature, and sampling periods) [16]. The in-
crease in the level of adsorption on biomass with increasing pH
could be due to a combination of several effects: (i) less ionic
competition due to deprotonation of the metal binding sites, (ii)
decrease in solubility of metal ions at higher pH values, (iii) in-
crease in the negative charge of the ionic state of ligands such as
carboxyl, phosphate and amino groups (iv) and sufﬁcient mono-
meric sites of chitin/chitosan remains free [1,6].
However, metal precipitates at high pH values (47.0) inhibit
the contact of metal with most of the fungal biomass [8]. At pH
values higher than 7.0, Zn(II), Co(II) and Cd(II) ions precipitated out
because of the high concentrations of OH ions in the biosorption
medium.
A. niger contains abundant chitin–chitosan units and reason-
able amount of protein and amino acids like hystidine which serve
as a matrix of ‒COOH and –NH2 groups, which in turn take part in
binding of metal ions. Metal adsorption may be brought about by
the ionization of negative functional molecular groups which serve
as binding sites. These functional groups carry negative charges
that allow the functional cell wall components to be potential
binding sites for cations [17].Generally, metal biosorption involves
complex mechanisms of ion-exchange, chelation, and adsorption
by physical forces, and ion entrapment in inter- and intra-ﬁbrillar
capillaries and spaces of the cell structural network of a biosor-
bent. The observations of the present study support the idea that
pH is a key parameter in most biological processes and controls
the growth and/or the adsorption capacity of substances.
3.4. Effect of biomass dosage on metal biosorption
The biomass dosage is an important parameter as it determines
the capacity of a biosorbent for a given initial concentration [1].
The Zn(II), Co(II) and Cd(II) ions uptake on A. niger was studied
using different biomass dosages of 0.5, 1, 2, 3, 4 and 6 g/l in 10 mg/l
initial metal ion concentration and at pH 5. As it is shown in Fig. 4
there was an increase in sorption capacity whenever there was an
Z. Hajahmadi et al. / Water Resources and Industry 11 (2015) 71–8076increase in biomass dosage from 0.5 to 2 g/l. Moreover, the max-
imum removals were 93%, 90% and 99% for Zn(II), Co(II) and Cd(II)
respectively at 2 g/l of biomass dosage. Correspondingly, max-
imum uptakes were 9.9, 9.4 and 10.2 mg/g, respectively, for Zn(II),
Co(II) and Cd(II) at initial biomass dosage 2 g/l on A. niger. The
percentage of the metal biosorption smoothly increases with the
biomass loading up to 2 g/l (Fig. 4). For an initial concentration of
the metal used (10 mg/l), there was a decrease in the sorption
capacity by adding adsorbent from 2 g/l to 6 g/l. This can be ex-
plained by partial cell aggregation which takes place at high bio-
mass dosage causing a decrease of the active sites. The decrease in
adsorption could be due to the clogging of the biomass and hence
the decreased number of active sites available for metal ions ad-
sorption and the interference between binding sites at higher
concentrations or insufﬁciency of metal ions in solution with re-
spect to available binding sites [18]. The maximum Zn(II), Co(II)
and Cd(II) adsorption was achieved with a biomass dosage of 2 g/l
and the sorption capacity declined with increase or decrease in the
biomass level (Fig. 4). Therefore, this observation indicates that a
2.0 g/l of biomass dosage could be deﬁned as the optimum level of
biomass dosage that should be used in the following experiments.
3.5. Effect of initial concentration on metal biosorption
In order to investigate the effect of the mentioned metal ion’s
initial concentration on biosorption behavior, experiments were
carried out according to the optimum conditions obtained in
previous tests, that is, pH value of 5 and adsorbent dosage of 2 g/l.
For this case, initial concentration of metal ions varied from 10 to
300 mg/l. The removal efﬁciency of biosorption of Zn(II), Co(II) and
Cd(II) on A. niger decreased with increasing of metal ions initial
concentration in the aqueous solution and reached to saturation
value. The maximum removal of Zn(II), Co(II) and Cd(II) was ob-
tained as 93.3%, 89.8% and 99% with an initial concentration of
10 mg/l, respectively. On the other hand, as the initial concentra-
tion increased from 10 to 300 mg/l, adsorption capacity increased
from 7.04 to 35.65, 6.15 to 31.68 and 7.44 to 43.33 mg/g for Zn(II),
Co(II) and Cd(II), respectively. This increase could be due to an
increase in electrostatic interactions (relative to covalent interac-
tions) involving sites of progressively lower afﬁnity for metal ions
[19]. In lower concentrations, the ratio of initial number of metal
ions to the available sorption sites was low, therefore this issue led
to an increase in biosorption yields. At higher concentrations, the
available sites of biosorption became fewer and saturation of the
sorption sites was observed [6]. At high metal ions concentration,
the number of metal ions sorbed was more than at a low metal
concentration, where more binding sites were free for interaction.
The results of the present investigation are on the parallel line as
reported by other researchers [2,11], and the data obtained from
this study were found to be comparable to many of the reported
values in literature. In comparison to other values of adsorption
capacity that have been reported, the maximum sorption capacity
of Zn(II), Co(II) and Cd(II) on A. niger seems to be promising. In
general, A. niger, in this study tested for removal of Zn, exhibited
higher sorption capacity (35.65 mg/g) than all of the reported
biosorbents except Phanerochaete chrysosporium. The reported
maximum biosorption of Co(II) on the biomass of A. niger was
95 mg/g, though in this study it was 31.68 mg/g. In the case of Cd
(II), the maximum biosorption reported was 109 mg/g on Trametes
versicolor [20], while in this study 43.33 mg/g was obtained.
Nevertheless, the comparison must be taken carefully because of
the different experimental conditions (pH, temperature, sampling
periods, and initial metal concentration). Comparing biosorption
capacity of pretreated dried A. niger used in this study with that
obtained for other sorbents reported in the literature shows that A.
niger is effective for this purpose. Anayurt et al. [21] investigatedthe adsorption of Cd(II) on Lactarius scrobiculatus at various con-
ditions experimentally and observed that maximum uptake ca-
pacity was about 53.1 mg/g for Cd(II). The maximum biosorption
of Cd(II) was 32.5 mg/g on Hylocomium splendens at optimum
conditions: biomass dosage of 4 g/L, contact time of 60 min, pH of
5 and temperature of 20 °C [19].
3.6. Isotherm studies of competitive biosorption
Modeling is important for prediction and comparison of bio-
sorption capacity, for which two, three, and four-parameter iso-
therm models are available. However, two-parameter models are
usually preferred because of their simplicity and easy lineariza-
tion, and when two-parameter models ﬁt the data well, use of a
more complex model is not required. The equilibrium sorption
isotherm, which indicates the capacity of the sorbent, is important
in the design of biosorption systems; it is a description (by a
sorption isotherm) characterized by certain constant values that
express the surface properties and afﬁnity of the sorbent. The
equilibrium relationships between sorbent and sorbate are de-
scribed by sorption isotherms, as they are usually the ratio be-
tween the quantity sorbed and that remaining in the solution at a
ﬁxed temperature at equilibrium. In the present work, four iso-
therm models, those of two-parameter models Langmuir, Freun-
dlich and Temkin and a three-parameter model of Sips were used
to describe the equilibrium between the metals Zn(II), Co(II) and
Cd(II) sorbed onto the pretreated biomass of A. niger and the metal
ions in the solution.
The multicomponent Langmuir, Freundlich, Temkin and Sips
adsorption isotherms for each of the three metal ions adsorbed
onto A. niger are shown in Fig. 5 and the resulting best-ﬁt equa-
tions are simple variants shown in Table 1.
All the models had a good agreement with the data for Zn(II),
Co(II) and Cd(II) biosorption, evidenced by the MARE values.
Among the mentioned adsorption isotherms, the competitive
Temkin isotherm model had the best ﬁtting to the experimental
sorption data for Zn(II) and Co(II) since the MARE values were
2.07% and 3.17%, respectively. In view of the results presented in
Table 1, the isotherms appeared to follow the competitive Temkin
model more closely than the other models for Zn(II) and Co(II)
ions. The values of both constants BT and KT are also presented in
Table 1. Very low values of BT for Zn(II), Co(II) and Cd(II), respec-
tively, obtained in the present study in Temkin models indicate
rather weak ionic interaction between the sorbate and the present
sorbent and the metal removal seems to involve physiochemical
sorption. The typical bonding energy for ion-exchange mechanism
is reported to be in the range of 8–16 kJ mol1 while physisorption
processes are reported to have adsorption energies less than
40 kJ mol1 [22]. However, the competitive Langmuir, Freun-
dlich and Sips adsorption models also seemed to agree with the
experimental data considering that low MARE values were ob-
served, but in comparison to Temkin model they were poor in
describing experimental data. The biosorption capacity (qm) values
of Langmuir model were close to the experimental values, which
supports the ﬁnding that the surface of the sorbent is homogenous
and sorption stopped at one monolayer [11]. The value of n of this
model, falling in the range of 1–10 indicates favorable biosorption
for three tested metal ions on the biomass. As seen from Table 1, n
values are high enough for separation. The high values of KF show
high feasibility of Zn(II), Co(II) and Cd(II) adsorption.
3.7. Kinetic studies of adsorption
Studies on the kinetics of the process of Zn(II), Co(II) and Cd(II)
removal by A. nigerwere carried out with the purpose of observing
the progress of the process up to the time that system reached
Fig. 5. Isotherms of Zn(II), Co(II) and Cd(II) biosorption by A. niger, simulation output of algorithm genetic with (a) Langmuir, (b) Freundlich, (c) Sips and (d) Temkin
isotherms models at solution pH of 5 and biomass dosage of 2 g/l.
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termine the kinetics parameters, adsorption data were analyzed
using pseudo-ﬁrst order and pseudo-second order model.
The results demonstrated that the pseudo ﬁrst-order equation
of Lagergren did not ﬁt with the experimental adsorption data (not
shown as a ﬁgure) due to low correlation coefﬁcients and high
standard errors and Lagergren equation was applicable only in the
initial 20–30 min of the sorption process. Moreover, the experi-
mental values of the uptake capacity (qe,exp) are not in good
agreement with the theoretical values calculated from Eq. (6).
Therefore, the pseudo ﬁrst-order model is not suitable for mod-
eling the biosorption of Zn(II), Co(II) and Cd(II) onto A. niger as low
regression coefﬁcients and high standard errors were observed.
Table 2 shows the experimental data (observed values) and the
pseudo ﬁrst-order and pseudo-second-order model (predicted
values) for biosorption of Zn(II), Co(II) and Cd(II) at different initial
concentrations of metal ions. The kinetic constant, k1, of the
pseudo ﬁrst-order equation for the biosorption of Zn(II), Co(II) and
Cd(II) onto biomass is given in Table 2.
The pseudo second-order was in good agreement with the
experimental kinetic data on the basis of the following condition:
initial concentration varied from 10 to 300 mg/l, biomass dosage of
2 g/l and at initial solution pH of 6, within different time intervals
up to 300 min (not shown as ﬁgure). High regression coefﬁcients
and low standard errors for three metal ions were observed. This
result implicates that the pseudo second-order equation isapplicable to all the sorption data (R2¼0.999) and also shows that
chemisorption is the dominant process in adsorption of multi-
component. On the other hand, the pseudo-second-order kinetc
model was ﬁtted well the experimental data, indicating that the
adsorption process is to be controlled by chemisorption process.
This means that adsorbate bonds by functional groups onto the
surface of biomass. It may also occur due to electrostatic attraction.
However, the metal loading capacity of the biomass increased
steadily with time and equilibrium was achieved after 60 min. The
advantages of pseudo second-order equation include the bio-
sorption capacity, rate constant of pseudo second-order, and the
initial biosorption rate, all of which can be determined from the
equation without knowing any parameter [15]. The initial sorption
rate “h” has been widely used for evaluation of the biosorption
rates. In the present study the values of “h” indicate that A. niger
can capture Cd(II) (27.32 mg g1 min1) more rapidly than Zn(II)
(22.62 mg g1 min1) and Co(II) (13.32 mg g1 min1) from
aqueous solution. The equilibrium concentration, qe, obtained
from this model is closely in line with the experimental value. The
values of qe (mg/g) and k2 (g mg1 min1) obtained by linear re-
gression were 35.97 and 0.009 for Zn(II), 31.95 and 0.013 for Co(II)
and 44.25 and 0.005 for Cd(II).
A combinative model of pseudo second-order and intra-particle
diffusion was also proposed to depict the kinetics of metal ions
biosorption on A. niger and the model appeared to be in good
agreement with the experimental data. The simulation results of
Table 1
The multicomponent Langmuir, Freundlich, Temkin and Sips adsorption isotherms for each three metal ions adsorbed onto A. niger.
Model Metals Regression R2 MARE
Langmuir Zn(II) q C
C C CeZn
3 . 23 e
1 0 . 123 e 0 . 000135 e 0 . 003 e
= + + +
0.9779 9.78
Co(II) q C
C C CeCo
7 . 07 e
1 0 . 019 e 0 . 0011 e 0 . 185 e
= + + +
0.9828 9.78
Cd(II) q C
C C CeCd
11 . 84 e
1 0 . 092 e 0 . 173 e 0 . 0003 e
= + + +
0.9507 9.78
Freundlich Zn(II) q C C C1.01eZn e
0.61
e
0.13
e
0.125( )= + + 0.9470 15.80
Co(II) q C C C1.13eCo e
0.62
e
0.13
e
0.11( )= + + 0.9391 15.80
Cd(II) q C C C1.85eCd e
0.56
e
0.10
e
0.11( )= + + 0.9674 15.80
Sips Zn(II)
q Ce
C C CeCo
3.37 0.92
1 0.091 e
0.92 0.162 e
0.56 0.001 e
1.00= + + +
0.9895 7.35
Co(II)
q
C
C C CeCo
5.22 eCd
0.32
1 0.054 e
0.45 0.082 e
0.32 0.141 e
0.32= + + +
0.9893 7.35
Cd(II)
q
C
C C CeCd
3.92 eCd
0.95
1 0.176 e
0.21 0.082 e
0.95 0.017 e
0.28= + + +
0.9697 7.35
Temkin Zn(II) ⎡⎣ ⎤⎦q C C C1.23 ln 12.31 ln 9.30 ln 9.45eZn e e e( ) ( ) ( )= + + 0.9949 2.07
Co(II) ⎡⎣ ⎤⎦q C C C1.50 ln 10.80 ln 11.60 ln 8.55eCo e e e( ) ( ) ( )= + + 0.9955 2.07
Cd(II) ⎡⎣ ⎤⎦q C C C1.81 ln 9.64 ln 10.41 ln 10.52eCd e e e( ) ( ) ( )= + + 0.9819 2.07
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the constants of the new kinetic model by combining the pseudo-
second order and the intra-particle diffusion for sorption of Zn(II),
Co(II) and Cd(II) on A. niger are presented in Table 3, showing that
the model was able to predict the data quite well (r240.98). It was
observed that the coefﬁcient of the intra-particle diffusion rate
constant (ki) was very small. The small value of ki suggests that it
might be due to the possibility of cell surface binding rather than
intra-particle diffusion.
3.8. Design of single-stage batch biosorption from equilibriumTable 2
Kinetic parameters for the sorption of Zn(II), Co(II) and Cd(II) on A. niger (Comparison o
Metals Ci, mg g1 Pseudo-ﬁrst order Ps
k1, min1 qe, mg g1 R2 SSE SE k2
Zn(II) 50 0.040 7.096 0.844 0.643 0.327 0.
75 0.035 12.291 0.932 0.178 0.176 0.
100 0.046 6.896 0.548 0.808 0.402 0.
150 0.041 15.907 0.951 0.182 0.147 0.
200 0.023 12.260 0.741 0.400 0.258 0.
250 0.023 14.444 0.797 0.278 0.219 0.
300 0.022 10.24 0.615 0.667 0.333 0.
Co(II) 50 0.041 6.255 0.884 0.459 0.276 0.
75 0.047 13.661 0.979 0.103 0.131 0.
100 0.038 15.049 0.959 0.126 0.145 0.
150 0.054 17.726 0.955 0.063 0.112 0.
200 0.024 11.644 0.841 0.230 0.196 0.
250 0.049 23.523 0.993 0.038 0.080 0.
300 0.047 11.987 0.900 0.526 0.296 0.
Cd(II) 50 0.027 7.681 0.792 0.393 0.256 0.
75 0.027 8.400 0.800 0.399 0.258 0.
100 0.050 7.238 0.855 0.888 0.385 0.
150 0.026 19.165 0.906 0.152 0.159 0.
200 0.023 10.219 0.593 0.785 0.362 0.
250 0.049 38.717 0.991 0.044 0.085 0.
300 0.040 20.137 0.887 0.423 0.266 0.isotherm data
The sorption isotherm studies conﬁrm that the equilibrium
biosorption data ﬁtted adequately in a Temkin isotherm model for
biosorption of Zn(II), Cd(II) and Co(II) onto an A. niger biomass.
Therefore, the Temkin isotherm model (Eq. (5)) can be used to
substitute qe in the equation batch adsorber design (Eq. (16)), gi-
ven by the following equation:
W
V
C C
B K Cln 17i i Ti i
0 e
1 1
n
e( )
= −
∑ ( )=f the pseudo-ﬁrst-order and pseudo-second-order adsorption).
eudo-second order
, g mg1 min1 qe, mg g1 h, mg g1 min1 R2 SSE SE
019 22.62 9.470 0.999 0.005 0.030
008 26.81 6.035 0.999 0.001 0.016
026 29.41 22.624 0.999 0.003 0.021
007 32.57 7.943 0.999 0.008 0.036
007 33.67 7.657 0.999 0.007 0.033
005 34.84 6.583 0.999 0.005 0.028
009 35.97 11.547 0.999 0.007 0.034
023 19.881 8.920 0.999 0.003 0.022
009 21.787 4.174 0.999 0.016 0.052
005 24.038 2.949 0.999 0.046 0.087
007 26.385 4.885 0.999 0.019 0.057
007 28.170 5.494 0.999 0.031 0.071
004 30.770 4.008 0.999 0.019 0.056
013 31.949 13.315 0.999 0.007 0.033
013 23.923 7.761 0.999 0.002 0.020
013 27.548 9.578 0.999 0.004 0.026
027 32.051 27.322 0.999 0.001 0.012
004 39.370 6.301 0.999 0.005 0.028
009 40.816 15.576 0.999 0.004 0.025
002 45.871 3.730 0.998 0.050 0.092
005 44.248 10.204 0.999 0.004 0.027
Table 3
The values of constants of model combining the pseudo-second order and intra-
particle diffusion for sorption of Zn(II), Co(II) and Cd(II) on A. niger.
Metal Ci, mg/l qe, mg g1 k2 ki R2 SSE SE
Zn(II) 50 23.51 6.79 0.007 0.998 1.009 0.410
75 26.78 5.87 0.008 0.999 0.049 0.091
100 29.49 21.50 0.004 0.999 0.971 0.420
150 27.90 13.89 0.320 0.996 2.903 0.696
200 34.07 7.60 0.007 0.990 9.284 1.244
250 32.99 7.53 0.096 0.995 4.296 0.846
300 34.54 15.1 0.088 0.996 3.825 0.798
Co(II) 50 20.38 6.97 0.010 0.998 0.789 0.363
75 19.48 5.06 0.016 0.994 1.083 0.589
100 25.99 2.37 0.005 0.995 2.814 0.685
150 27.20 4.13 0.003 0.996 2.283 0.617
200 24.07 9.73 0.259 0.998 1.163 0.440
250 32.19 3.43 0.010 0.999 1.024 0.413
300 30.16 20.15 0.120 0.998 1.174 0.442
Cd(II) 50 22.56 10.04 0.091 0.999 0.129 0.147
75 25.40 15.19 0.143 0.998 1.092 0.427
100 32.82 19.87 0.009 0.997 2.444 0.638
150 33.04 8.99 0.423 0.993 8.023 1.156
200 42.16 13.52 0.003 0.989 15.097 1.586
250 49.86 3.03 0.015 0.992 15.551 1.61
300 45.11 8.86 0.004 0.994 8.994 1.224
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Z. Hajahmadi et al. / Water Resources and Industry 11 (2015) 71–80 79Fig. 6 shows the plots between the predicted dosage of A. niger
biosorbent required to remove Zn(II), Cd(II) and Co(II) of the initial
concentration 100 mg/L, for the removal of 95%, 85%, 75%, and 65%
metal ions mixture at different solution volumes (1–15 l). For a
single-stage batch biosorption system, the design procedure was
to determine the concentration of metal ions mixture at equili-
brium after each treatment for a given inﬂuent concentration (C0
in mg/L) and mass of biosorbent (W in g) when using the Temkin
isotherm constants (Table 1). For example, the amount of A. niger
required for the 95% removal of Zn(II), Cd(II) and Co(II) metal ions
solution of concentration 100 mg/l was 97.64, 80.48 and 66.77 g,
for each metal ion solution volume of 15 l, respectively. Fig. 6 in-
dicates that the amount of adsorbent required shows a more rapid
increase with an increasing volume of the mixture ions solution.
The results show that the amount of A. niger required increases
linearly with the volume of metal ions mixture, up to the removal
efﬁciency of 95% (Fig. 6). However, the results also show that the
amount of A. niger necessary for a 95% removal efﬁciency of Cd(II)
and Co(II) is about 10% and 30% less, respectively, than the amount
required for Zn(II) removal. This observation can be explained by
the fact that the biomass of A. niger possesses greater afﬁnity to Cd
(II) and Co(II) ions compared to Zn(II) ion as biosorbent for the
case studied in the given experimental conditions. Although it is
possible to reach high level of removal of Zn(II), the Cd(II) and Co
(II) in the efﬂuent will be very low and the adsorbent used in the
single-stage biosorption process will not be fully saturated. As a
result, the proposed improvement to the design would sig-
niﬁcantly impact on the cost of the process.Volume, l
0 2 4 6 8 10 12 14 16
Fig. 6. Amount of biosorbent dosage (W) vs volume of wastewater (l) containing a
mixture of metal ions of (a) Zn(II), (b) Cd(II) and (c) Ni(II) at initial concentration of
100 mg/l for agitation rate of 200 rpm and equilibrium contact time of 60 min.4. Conclusion
The equilibrium data for biosorption of Zn(II), Co(II) and Cd(II)
ions onto the biosorbent were employed for competitive Lang-
muir, Freundlich, Temkin and Sips isotherm models. The experi-
mental data that best ﬁtted the competitive Temkin isotherm for
Zn(II) and Co(II) and competitive Langmuir isotherm for Cd(II)
were the best models that represented the biosorption data. The
model parameters obtained in this study can be used to approx-
imate the working volume, the required biomass dosage fordesired separation and the puriﬁcation degree. The kinetic data
indicated that the biosorption of Zn(II), Co(II) and Cd(II) ions onto
A. niger ﬁtted with the pseudo-second-order kinetic model. An
alternating combinative model employed for the experimental
data predicted successfully the metal biosorption kinetics of A.
Z. Hajahmadi et al. / Water Resources and Industry 11 (2015) 71–8080niger. It could be concluded, based on these results, that treated
biomass of A. niger may be used as an inexpensive, effective and
easily cultivable biosorbent for the removal of Zn(II), Co(II) and Cd
(II) ions from aqueous solution. A single-stage batch adsorber
design was developed using the Temkin isotherm model to predict
the minimum dosage of A. niger biosorbent required to achieve a
95% removal of Zn(II), Co(II) and Cd(II) ions from aqueous solution.
However, more complete studies should be performed on the
operative parameters such as temperature, agitation and on the
chemical composition of the fungal cell walls. An alternative
modeling with genetic algorithm and nonlinear multicomponent
isotherms was presentd and the results demonstrated that this
technique could be a promising tool to represent ternary equili-
brium data.Acknowledgments
The present research was made possible through a university
Grant, sponsored by Ministry of Science, Iran, Tarbiat Modares
University (TMU). The authors wish to thank Mrs. Haghdoust
(Technical assistant of Environmental Laboratory) for her assis-
tance and Ellen Vuosalo Tavakoli (University of Mazandaran) for
editing the English text, and Tarbiat Modares University and
Ministry of Science for their ﬁnancial support.References
[1] A. SarI, M. Tuzen, Kinetic and equilibrium studies of biosorption of Pb(II) and Cd
(II) from aqueous solution by macrofungus (Amanita rubescens) biomass, J.
Hazard. Mater. 164 (2009) 1004–1011.
[2] S. Tunali, T. Akar, Zn(II) biosorption properties of Botrytis cinerea biomass, J.
Hazard. Mater. 131 (2006) 137–145.
[3] N. Kuyucak, B. Volesky, Accumulation of cobalt by marine alga, Biotechnol.
Bioeng. 33 (1989) 809–814.
[4] M. Galedar, H. Younesi, Biosorption of ternary cadmium, nickel and cobalt ions
from aqueous solution onto Saccharomyces cerevisiae cells: batch and column
studies, Am. J. Biochem. Biotechnol. 9 (2013) 47–60.
[5] F. Ghorbani, H. Younesi, S.M. Ghasempouri, A.A. Zinatizadeh, M. Amini,
A. Daneshi, Application of response surface methodology for optimization of
cadmium biosorption in an aqueous solution by Saccharomyces cerevisiae,Chem. Eng. J. 145 (2008) 267–275.
[6] A.Y. Dursun, A comparative study on determination of the equilibrium, kinetic
and thermodynamic parameters of biosorption of copper(II) and lead(II) ions
onto pretreated Aspergillus niger, Biochem. Eng. J. 28 (2006) 187–195.
[7] T. Viraraghavan, A. Srinivasan, Fungal biosorption and biosorbents, in:
Pavel Kotrba, Martina Mackova, Tomas Macek (Eds.), Microbial Biosorption of
Metals, Springer, Netherlands, 2011, pp. 143–158.
[8] M. Amini, H. Younesi, Biosorption of Cd(II), Ni(II) and Pb(II) from aqueous so-
lution by dried biomass of Aspergillus niger: application of response surface
methodology to the optimization of process parameters, CLEAN: Soil Air Water
37 (2009) 776–786.
[9] A. Kapoor, T. Viraraghavan, D.R. Cullimore, Removal of heavy metals using the
fungus Aspergillus niger, Bioresour. Technol. 70 (1999) 95–104.
[10] G. Yan, T. Viraraghavan, Heavy-metal removal from aqueous solution by fun-
gus Mucor rouxii, Water Res. 37 (2003) 4486–4496.
[11] Y.-g Liu, T. Fan, G.-m Zeng, X. Li, Q. Tong, F. Ye, M. Zhou, W.-h Xu, Y.-e Huang,
Removal of cadmium and zinc ions from aqueous solution by living Aspergillus
niger, Trans. Nonferr. Met. Soc. China 16 (2006) 681–686.
[12] C. Aharoni, M. Ungarish, Kinetics of activated chemisorption. Part 2.—Theo-
retical models, J. Chem. Soc. Faraday Trans. 1: Phys. Chem. Condens. Phases 73
(1977) 456–464.
[13] K. Pirzadeh, A.A. Ghoreyshi, Phenol removal from aqueous phase by adsorp-
tion on activated carbon prepared from paper mill sludge, Desalin. Water
Treat. (2013) 1–14.
[14] P. Lodeiro, J.L. Barriada, R. Herrero, M.E. Sastre de Vicente, The marine mac-
roalga Cystoseira baccata as biosorbent for cadmium(II) and lead(II) removal:
kinetic and equilibrium studies, Environ. Pollut. 142 (2006) 264–273.
[15] M. Amini, H. Younesi, N. Bahramifar, Biosorption of U(VI) from Aqueous So-
lution by Chlorella vulgaris: equilibrium, kinetic, and thermodynamic studies, J.
Environ. Eng. 139 (2013) 410–421.
[16] Y. Kaçar, Ç. Arpa, S. Tan, A. Denizli, Ö. Genç, M.Y. ArIca, Biosorption of Hg(II)
and Cd(II) from aqueous solutions: comparison of biosorptive capacity of al-
ginate and immobilized live and heat inactivated Phanerochaete chrysospor-
ium, Process Biochem. 37 (2002) 601–610.
[17] P. Yin, Q. Yu, B. Jin, Z. Ling, Biosorption removal of cadmium from aqueous
solution by using pretreated fungal biomass cultured from starch wastewater,
Water Res. 33 (1999) 1960–1963.
[18] A. Selatnia, M.Z. Bakhti, A. Madani, L. Kertous, Y. Mansouri, Biosorption of
Cd2þ from aqueous solution by a NaOH-treated bacterial dead Streptomyces
rimosus biomass, Hydrometallurgy 75 (2004) 11–24.
[19] A. Sari, D. Mendil, M. Tuzen, M. Soylak, Biosorption of Cd(II) and Cr(III) from
aqueous solution by moss (Hylocomium splendens) biomass: equilibrium, ki-
netic and thermodynamic studies, Chem. Eng. J. 144 (2008) 1–9.
[20] J. Gabriel, J. Vosáhlo, P. Baldrian, Biosorption of cadmium to mycelial pellets of
wood-rotting fungi, Biotechnol. Tech. 10 (1996) 345–348.
[21] R.A. Anayurt, A. Sari, M. Tuzen, Equilibrium, thermodynamic and kinetic stu-
dies on biosorption of Pb(II) and Cd(II) from aqueous solution by macrofungus
(Lactarius scrobiculatus) biomass, Chem. Eng. J. 151 (2009) 255–261.
[22] F.G. Helfferich, Ion exchange, in: Science, McGraw-Hill, New York, 1962,
pp. 133–153.
